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Aims The long-term failure of autologous saphenous vein bypass grafts due to neointinnal thickening is a nnajor clinical 

burden. Identifying novel strategies to prevent neointimal thickening is innportant Thus, this study ainned to identify 
nnicroRNAs (nniRNAs) that are dysregulated during neointinnal fornnation and deternnine their pathophysiological 
relevance following nniRNA nnanipulation. 

Methods We undertook a microarray approach to identify dysregulated miRNAs following engraftment in an interpositional 

and results porcine graft nnodeL These profiling experinnents identified a number of miRNAs which were dysregulated following 

engraftment miR-21 levels were substantially elevated following engraftment and these results were confirmed by 
quantitative real-time PGR in mouse, pig, and human models of vein graft neointimal formation. Genetic ablation 
of miR-21 in mice or grafted veins dramatically reduced neointimal formation in a mouse model of vein grafting. Fur- 
thermore, pharmacological knockdown of miR-21 in human veins resulted in target gene de-repression and a signifi- 
cant reduction in neointimal formation. 

Conclusion This is the first report demonstrating that miR-21 plays a pathological role in vein graft failure. Furthermore, we also 

provided evidence that knockdown of miR-21 has therapeutic potential for the prevention of pathological vein graft 
remodelling. 

Keywords Vein graft failure • MicroRNA • Neointimal formation • Vascular remodelling 



Introduction 

Despite the increased utility of drug-eluting stents, coronary 
artery bypass grafting (GABG) remains the treatment of choice 
in patients with multi-vessel disease or diabetes due to increased 
freedom from recurrent angina, ischaemic events, and need for 
repeat intervention.^"^ 



A number of studies have demonstrated that patency rates of 
saphenous vein (SV) grafts are lower than those of arterial conduits 
such as the internal mammary artery,^'^ yet autologous veins 
remain an important, convenient, and frequently used conduit 
for surgical revascularization.^ A number of technical advances 
have been proposed over the past decade, such as off-pump 
GABG and no-touch SV harvesting; nevertheless, the rates of 
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vein graft failure rennain largely sinnilar/'^ It is estinnated that 20- 
50% of patients suffer from stenotic occlusion of the graft within 
5 years.^ The high failure rates highlight the need for novel thera- 
peutic interventions in the setting of CABG. The principal pro- 
cesses responsible for vein graft failure are intimal hyperplasia 
[promoted by enhanced vascular smooth muscle cell (SMC) pro- 
liferation, migration, and extracellular matrix deposition] and 
superimposed atherosclerosis (reviewed in Wan et aC^). Although 
aggressive lipid-lowering therapy has delayed vein graft failure in 
patients, there is an urgent need for alternative therapies which 
can curtail the early pathological remodelling in the short term 
in order to improve long-term patency rates. 

MicroRNAs belong to a recently discovered class of small, en- 
dogenous non-coding RNA molecules that negatively regulate 
gene expression by targeting specific messenger RNAs and 
induce their degradation or translational repression.^ ^ A number 
of reports have highlighted a role for miRNA in SMC proliferation 
and migration associated with vascular pathologies (reviewed in 
McDonald et aC^). MicroRNA profiling in normal and atheroscler- 
otic human arteries demonstrated that miR-21 was up-regulated in 
the SMC layer of atherosclerotic vessels.^^'^^ Furthermore, previ- 
ous reports from two independent groups demonstrated that 
mi R- 145 levels were down-regulated following balloon injury and 
adenoviral-mediated over-expression of miR-145 reduced intimal 
lesion formation.^ ^'^^ Torella et al^ demonstrated that adenoviral 
mediated over-expression of miR-133a reduced neointimal forma- 
tion and antagomiRto miR-133a exacerbated neointimal formation 
following balloon injury. These studies highlight that miRNAs are 
dysregulated at the onset of vascular injury, and as a result, modu- 
lation of miRNA levels may represent a therapeutic target in a 
number of vascular pathologies. However, no studies to date 
have assessed the role of miRNAs in the context of neointima for- 
mation associated with vein graft failure. Accordingly, we sought to 
identify aberrantly expressed miRNAs in models of vein graft 
failure. We report using mouse, pig, and human models that a 
number of miRNAs were dysregulated during vein graft remodel- 
ling. We also highlight that genetic ablation of miR-21 substantially 
limited neointima formation in mouse vein grafts in vivo. To inves- 
tigate the translational application of these findings, human saphe- 
nous veins (HSVs) were exposed to anti-miR-21 ex vivo. In this 
model, we show that de-repression of several target genes is 
achieved and a significant reduction in neointima size is observed, 
suggesting that localized inhibition of miR-21 may provide a novel 
therapeutic approach to prevent vein graft neointima formation. 

Methods 

Vein graft models 

Several established models of vein grafting were utilized in this study. 
We utilized two mouse models of vein grafting; interpositional graft- 
ing^^ was used for miR-21 profiling, and the isogenic mouse vein 
graft model^^ was used for all other experiments. Porcine SV-carotid 
interpositional grafting^° and ex vivo culture of human SV segments^^ 
were also used. In addition, we assessed failed grafts removed from 
patients at least 5 years post-CABG. miR-21 knockout mice were pre- 
viously described.^^'^^ 



In vitro models 

In vitro experiments were performed using isolated primary human 
SV-derived endothelial cells (EC) and SMCs. 

Statistical analysis 

Data are presented as mean + standard error of the mean (SEM). For 
the comparison of mean values, Bartlett's test for equal variances was 
performed — ^there was no evidence of heterogeneous variances 
between groups for any of the comparisons. Visual assessment was 
used to check for any lack of normality; as there was no evidence of 
this, one-way ANOVA followed by Tukey's multiple comparison test 
(for comparison of more than two groups) or Student's t-test (for 
comparison of two groups) was carried out. For all the quantitative 
real-time PCR (qRT-PCR) experiments, values are expressed as fold 
change. All statistical analyses were carried out using GraphPad 
Prism version 4 (GraphPad Software, USA), other than the microRNA 
array data. The microRNA array data were analysed in the DataAs- 
sist^^ software (Life Technologies). Following manual normalization 
identification, miR-199a-3p was chosen as a reference gene to normal- 
ize the data, since its standard deviation across all samples was the 
lowest for all microRNAs on the chip. One-way ANOVA with Benja- 
mini-Hochberg false discovery rate^"^ (FDR) adjustment for multiple 
testing was carried out. We restricted our validation of miRNAs to 
those that were up-regulated >4-fold and which were significant at 
a 10% FDR in the TaqMan Low Density Array (TLDA) experiment. 

For detailed descriptions of materials and methods, see Supplemen- 
tary material online. 

Results 

Global microRNA profiling in ungrafted 
and grafted saphenous veins 

In order to identify aberrantly expressed miRNA during neointima for- 
mation in the setting of vein graft failure, we compared miRNA expres- 
sion patterns by microarray analysis in ungrafted and grafted porcine 
SVs isolated 7 and 28 days post-engraftment {Figure 1A). Global 
miRNA profiling analysis revealed that 21 out of 377 miRNAs were 
up-regulated following engraftment (see Supplementary material 
online, Figure S1 and Table S1), 6 of which were up-regulated more 
than 4-fold (FDR < 0.1) at 7 and 28 days post-engraftment 
(Figure 1B). From this data set, we focused on miR-21 due to the sub- 
stantial up-regulation observed in pig grafts compared with controls 
{Figure 1Q and since it has previously been implicated in SMC and 
fibroblast proliferation following acute vascular injury.^^'^^ 

miR-21 expression is elevated in multiple 
models of vein graft disease 

In order to validate and further quantify the expression levels of 
miR-21 during the progression of vein graft neointimal formation, 
we profiled miR-21 levels in three well-characterized models of 
vein graft disease, using qRT-PCR analysis. These models were (i) 
in vivo porcine model of interposition grafting, (ii) the interposition 
mouse vein graft model (jugular vein into the right common 
femoral artery), and (iii) the ex vivo model of HSV neointimal for- 
mation using surplus vein tissue harvested at the time of CABG. In 
the porcine model, qRT-PCR confirmed that miR-21 levels were 
elevated at 7 days following grafting and remained elevated at 28 
days {Figure 1D). We observed an ~ 7-fold increase in levels at 
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Figure I Global microRNA profiling and assessnnent of nniR-21 in vein grafting. (A) A schennatic diagram illustrating how the samples were 
prepared for global microRNA expression, using microfluidic cards. Ungrafted saphenous veins were compared with veins subjected to vein 
grafting for a period of 7 and 28 days. We evaluated only targets which were >4-fold up-regulated at both time points. (6) A heat map of 
the only microRNAs which were significantly up-regulated >4-fold; the table summarizes the fold change, P-values, and the false discovery 
rate (FDR) for each microRNA. (Q Relative quantification of the miR-21 array results normalized to miR-199a-3p. (D) Verification of 
TLDA array by real-time-PCR, demonstrating up-regulation of miR-21 in porcine veins following grafting for 7 and 28 days (n = 6/group). 
(£) Expression of miR-21 in control ungrafted jugular vein (JV) and vein graft (VG) from mice (n = 5/group). (F) Real-time PGR for miR-21 
expression in HSV subjected to culture for a period of 0, 7, 14, or 28 days to allow neointimal lesions to develop (n = 6/group). Error bars 
denote SEN; *P < 0.05, **P < 0.01. Data were analysed by one-way ANOVA with a Tukey's post-test. 



both time points compared with ungrafted SV (P < 0.01, n = 6/ 
group), which is consistent with the changes observed in our 
TLDA analysis {Figure 1Q. This elevation in miR-21 levels was par- 
alleled in the mouse vein graft model, with miR-21 levels elevated 
in grafts at 28 days compared with ungrafted conduits (jugular 
veins) (P< 0.001, n = 4-5, Figure 1E). Finally, we assessed levels 
in HSV ex vivo organ cultures. miR-21 was significantly up-regulated 
2.5-fold in vein segments cultured for 7 and 14 days (P < 0.05, n = 6, 
Figure 1F). Therefore, in three independent models representative of 
vein graft neointima formation, we observed that miR-21 levels were 
significantly elevated when analysed by qRT-PCR. 

Localization of miR-21 in models of vein 
graft neointimal formation 

In order to ascertain the localization of miR-21 in control vessels 
and veins post-grafting, we performed in situ hybridization for 



miR-21. miR-21 expression was low in porcine carotid arteries 
and undetectable in ungrafted SVs {Figure 2A and 6). However, 
we observed positive staining for miR-21 in porcine vein grafts, 
in the adventitial, medial, and neointimal layers at both 7 and 28 
days {Figure 2C and D). We performed immunohistochemistry 
with a-actin on serial sections since SMCs are integral to the for- 
mation of neointimal lesions. In vein grafts, we noted that miR-21 
was located in all three layers of the vessel wall, in regions of the 
graft expressing a-actin {Figure 2K and L). 

In a second mouse model of vein grafting, the isogenic graft 
model (vena cava into the right common carotid artery), miR-21 
levels were undetectable in the ungrafted inferior vena cava 
and low in the carotid artery compared with the wide spread 
and high-level expression in grafted tissue {Figure 3). We per- 
formed immunohistochemistry for a-actin and mac-2 to determine 
whether the cells expressing miR-21 were SMCs or macrophages, 
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Figure 2 Localization of miR-21 at 7 and 28 days post-engraftment in a porcine model. (A-D) /n s/tu liybridization (violet) of miR-21 in the 
carotid artery, ungrafted saplienous vein, and grafted saplienous vein at 7 and 28 days post-engraftment, respectively. (E-H) In situ hybridization 
on the same sections with a scrambled probe. (/-L and M-P) SMA and control IgG staining, respectively, in serial sections from the same vein 
grafts. Arrows indicate the neointimal layer; scale bar represents 100 juim. 
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Figure 3 Localization of miR-21 in mouse vessels. In situ localization of miR-21 in the mouse inferior vena cava (A), carotid artery (6), and vein 
grafts harvested 28 days post-engraftment at high (C) and low magnification (D). (E-H) The corresponding control in situ hybridization with a 
scrambled probe. Filled arrows indicate neointimal thicl<ness; scale bar represents 200 (xm, applicable to all panels. 



respectively. Comparison of the staining pattern fora-actin, mac-2, 
and proliferating cell nuclear antigen (PCNA) revealed that miR-21 
is expressed in regions of the graft which stained positive for both 
SMC actin (a-actin) and macrophages (mac-2), although not all 



a-actin-positive cells expressed miR-21 (Figure 4A-D). These 
studies on sequential serial sections suggest that miR-21 is 
expressed in proliferating SMCs in the neointima and macrophages 
and actin-positive cells in the adventitial layer of the vein grafts. We 
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Figure 4 Immunolocalization of cells expressing miR-21 in murine vein grafts. (A) /n s/tu hybridization with a scrambled LNA probe. (6) /n s/'tu 
hybridization for miR-21 in a mouse vein graft at 28 days. (C-F) Immunohistochemistry staining for proliferating cell nuclear antigens, smooth 
muscle cells (SMA), macrophages (mac-2), and control IgG, respectively. Scale bar represents 100 juim. 
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Figure 5 miR-21 expression in human vein subjected to culture. (A-D) In situ hybridization of miR-21 in human saphenous veins following 0, 
4, 7, and 14 days of cell culture. (E-H) In situ hybridization on serial sections with a scrambled probe. (/-L) Serial sections stained with 
anti-a-actin antibodies (SMA) to determine smooth muscle cells. Scale bar represents 100 juim, applicable to all panels. 



next performed immunohistochemistry for the fibroblast markers 
vimentin and FSP-1.^^ Cells staining positive for vimentin and FSP-1 
were found extensively in the adventitia and a large proportion of 
cells in the neointimal layer, suggesting that myofibroblasts also 
contribute to miR-21 expression in the neointimal layer in this 
mouse model (see Supplementary material online. Figure S2). 



However, further detailed co-localization studies are needed to 
definitively demonstrate the cell types responsible for miR-21 
expression. 

In situ hybridization for miR-21 in surgically prepared HSV seg- 
ments demonstrated that miR-21 was expressed in medial and 
neointimal SMCs {Figure 5). Immunohistochemistry in sequential 
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serial sections dennonstrated that miR-21 expression was localized 
in areas which stained positive for a-actin {Figure 5J-L). 

Thus, in concordance with the qRT-PCR analysis, we observed 
elevated levels of nniR-21 in all three models of vein grafting, 
with the expression localized to multiple regions of the graft. 

Effect of genetic loss of miR-21 on 
neointimal formation in vein grafts 

In order to address whether the elevation of miR-21 plays an im- 
portant role in the development of vein graft neointimal formation, 
we performed isogenic vein grafting in miR-21 knockout mice and 
wild-type controls. At 28 days post-engraftment, the neointimal 
area was dramatically reduced by 81% in miR-21 knockout mice 
compared with wild-type controls (P< 0.001, n = 7-10/group) 
{Figure 6A and 6). Additionally, neointimal lesions in miR-21 knock- 
out mice had significantly lower SMC content than controls (see 
Supplementary material online. Figure S3). 

In this mouse model, it has previously been demonstrated that 
cells from both the donor vessel and recipient contribute to the 
progression of neointima formation.^^ To determine whether abla- 
tion of miR-21 in the donor vessel is sufficient to prevent neoin- 
tima formation, donor veins from miR-21 knockout mice were 



engrafted into wild-type mice. Neointimal size was significantly 
reduced compared with wild-type grafts in wild-type mice 
{Figure 6A), suggesting that miR-21 expression in the engrafted 
vessel is critical to neointima formation. 

Pharmacological knockdown of miR-21 
expression in cultured HSV 

To investigate the translational application of our findings and 
evaluate whether it is possible to achieve pharmacological knock- 
down of miR-21 in HSVs, the ex vivo culture model was utilized. Cul- 
turing HSV in the presence of anti-miR-21 for 7 or 14 days resulted 
in a >95% knockdown in miR-21 expression {Figure 7A). The ex- 
pression of previously identified miR-21 target genes^^'^^"^^ was 
analysed by qRT-PCR. Compared with anti-mi R-ctl-treated HSVs, 
anti-miR-21 treatment caused significant de-repression of STAT3, 
PTEN, and BMPR2 at 14 days {Figure 76). However, PDCD-4 and 
TIMP3 expression were not significantly altered {Figure 7B>). Neoin- 
tima formation was significantly reduced in anti-miR-21 -treated 
vessels {Figure 7C and D). 

Owing to the limited availability of intact human SVs, we per- 
formed further experiments with anti-mi R-contro I and anti-miR-21 
in primary SV-derived EC and SMCs. In these experiments, we 
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Figure 6 Effect of miR-21 ablation on neointimal formation in a mouse model of vein grafting. (A) The neointimal area 28 days post-grafting in 
wild-type mice, miR-21 knockouts, and miR-21 knockout veins engrafted into wild-type mice. (6) Vessel wall thickness in grafts from wild-type 
and knockout mice at 0 and 28 days; sections are stained with elastin van Gieson. Arrows indicate the neointimal layer, n = 5-10, ***P < 0.001 
vs. wild-type. Scale bar represents 200 juim, applicable to all panels. 
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Figure 7 Effect of pharmacological knockdown of nniR-21 in HSVs and miR-21 expression in failed human vein grafts. HSV segments were 
cultured for 7 and 14 days in the presence of 5000 nM anti-miR-ctl or anti-miR-21 (n = 5/group), then RNA was isolated from the vessels, and 
expression was measured by quantitative real-time PGR. (A) miR-21 expression. (6) Expression of putative miR-21 target genes. (C) Neointimal 
thickness. (D) Representative images of elastic van Gieson-stained sections from Day 14 samples. (£) In situ hybridization with a scrambled 
microRNA probe, miR-21 probe, and immunohistochemistry for smooth muscle cell actin in a failed human vein graft. Scale bar represents 
100 fxm, applicable to all panels. *P < 0.05 vs. anti-miR-ctl; **P < 0.01 vs. anti-miR-ctl, ***P < 0.001 vs. anti-miR-ctl, ^^P < 0.01 vs. Day 0, 
^^^P < 0.001 vs. Day 0. 



aimed to identify any off-target effects of the anti-mi R-control and 
anti-miR-21 treatments; hence, we transfected these cells with anti- 
miRs at a range of doses and analysed miR-21 expression compared 
with mock-transfected cells 72 h post-transfection. These data 
demonstrated that anti-miR-21, but not anti-miR-control transfec- 
tion produced a substantial knockdown of miR-21 levels (see Sup- 
plementary material online. Figure S4A and 6). We also noted that 
there were small but sometimes significant variations in miR-21 
levels in anti-miR-control samples, but these are small and are un- 
likely to impact experimental outcome (see Supplementary material 
online. Figure S4A and 6). Taken together, these results suggest that 
anti-miR-21 treatment is a viable strategy to knockdown miR-21 
levels in venous SMC pre-engraftment. 

miR-21 expression in failed human vein 
grafts 

In order to demonstrate the importance of miR-21 in the clinical 
setting of vein graft failure, we performed in situ hybridization for 
miR-21 in failed human vein grafts. The staining pattern in these 
veins is very similar to that seen in the mouse and porcine vein 
grafts, with miR-21 expressed in regions of the graft which also 



stain positive for SMC-actin (see Figure IE and Supplementary ma- 
terial online. Figure S5). 

Discussion 

This study is the first to document miRNA dysregulation in the 
context of vein graft neointima formation. It is also the first to de- 
monstrate a functional role for miR-21 in neointimal formation 
following vein grafting. Our miRNA profiling identified 21 
miRNAs which were significantly up-regulated in porcine vein 
grafts 7 and 28 days post-engraftment. We validated this sustained 
up-regulation of miR-21 expression in these porcine vein grafts and 
relevant murine and human models of vein graft neointimal forma- 
tion by qRT-PCR. Our in situ hybridization studies demonstrated 
that miR-21 was abundantly expressed in the neointimal layer of 
the venous wall following engraftment in porcine and murine 
models and failed human grafts. Furthermore, our ex vivo HSV 
model confirmed this up-regulation of miR-21 levels in cells within 
the neointimal layer. These studies suggested that miR-21 might 
play a pathological role during neointimal formation in the setting 
of vein graft failure; hence, we performed vein grafting in miR-21 - 
ablated mice. The absence of miR-21 in these mice substantially 
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attenuated neointimal formation and SMC accumulation in intimal 
lesions. Furthermore, engraftment of veins from miR-21 mice into 
wild-type mice resulted in the attenuation of neointima formation, 
suggesting that miR-21 expression in the engrafted vessel is critical 
to neointimal development This has important implications for 
the development of miR-21 therapeutics, as it suggests that localized 
treatment to knockdown miR-21 expression in the vein may be suf- 
ficient for therapeutic efficacy. 

In HSV samples treated with anti-miR-21, we analysed changes 
in gene expression of several previously proposed targets of 
miR-21. PTEN is an established target known to be expressed in 
fibroblasts, EC, and SMCs, where it regulates cell survival/apoptosis 
and is thought to have a key role in many cardiovascular diseases.^^ 
In agreement with previous studies,^^'^^'^^ we demonstrated an 
increase in PTEN expression in treated vessels. We also found 
significant de-repression of STATS and BMPR2, which have been 
shown to be direct targets of miR-21 in mesenchymal stem 
cells^^ and pulmonary vascular SMCs,^^ respectively. In wild-type 
mice, we found miR-21 expression localized to regions of the 
neointima and adventitia where PCNAs, SMCs, and fibroblast 
markers are also expressed. This suggests that the increase in 
miR-21 expression may contribute to the progression of neointima 
formation by promoting SMC and fibroblast proliferation and 
cell survival. 

This is consistent with previous reports showing that knock- 
down of miR-21 levels in arterial SMCs and fibroblasts reduced 
rates of proliferation, migration, and neointimal formation in a 
rat balloon injury model, which was at least in part caused by de- 
repression of PTEN and BCL-2.^'^'^^'^^ A subsequent study in a 
mouse model of abdominal aneurysm demonstrated that lentiviral- 
mediated over-expression of miR-21 reduced PTEN expression 
and increased SMC proliferation.^^ In the setting of vascular injury, 
these studies are important since over-expression and gene knock- 
out studies demonstrate a role for PTEN in SMC proliferation and 
neointimal formation.^^'^^ Moreover, previous studies suggested 
that PDCD-4 is down-regulated in the rat model of balloon injury, 
and over-expression with adenoviral vectors increased apoptosis 
and reduced SMC proliferation;^^ however, we did not find any sig- 
nificant change in PDCD-4 levels in our ex vivo HSV studies. There 
are also other reported targets of miR-21 which could play a role in 
vein graft failure. Recently, a study by Wang et d.^^ in atherosclerotic 
arteries demonstrated that miR-21 targeted tropomyosin-1, a 
protein implicated in the formation, stabilization, and regulation of 
cytoskeletal actin filaments. A change in tropomyosin may play a 
role in the reduced neointimal formation seen in the miR-21 knock- 
out mouse vein graft study presented here, possibly via a reduction 
in SMC migration. Further detailed mechanistic studies are required 
to address the role of these targets in vein graft pathophysiology. 

To investigate the translational application of our findings, we 
performed a pilot study to investigate the potential of knocking 
down miR-21 expression in intact human SVs. Although this ex vivo 
model has some limitations, such as the development of smaller 
neointimal lesions than those seen in vivo due to the lack of flow 
(shear stress) and infiltrating inflammatory cells, which contribute 
to neointimal formation in vivo, this model allows researchers to 
focus on the role of matrix remodelling, SMC proliferation, and mi- 
gration. Using this model, we have demonstrated that it is possible to 



manipulate miRNA expression and observe changes in target gene 
expression in clinically relevant tissue samples. 

Therapeutic potential 

CABG provides an opportunity for the delivery of agents that can 
modulate the pathophysiology of vein graft neointima formation. In 
this study, we suggest that manipulation of miRNA may be one 
such therapeutic strategy. The manipulation of miR-21 levels in 
the venous wall at the time of engraftment through ex vivo treat- 
ment of the harvested vein could lead to localized manipulation 
of miRNA. This would negate the need for systemic delivery, 
which may result in the knockdown of miR-21 in other tissues, po- 
tentially creating off-target safety issues. We have demonstrated 
that anti-miRs can be used to knockdown miR-expression in 
HSV and that the level of inhibition achieved was sufficient to 
mediate target de-repression and reduce neointima formation. 
However, owing to the short exposure time available for ex vivo 
manipulation of the vein in the clinical setting (up to 30 min), it 
will be necessary to develop more efficient methods of inhibiting 
miR-21 in intact veins. A highly efficient delivery system is required 
to provide rapid and efficient uptake into the venous wall. Previous 
pre-clinical studies which have utilized decoy oligonucleotides 
directed against E2F showed efficient manipulation of the target 
and therapeutic efficacy when delivered to the vein under pres- 
sure,^^'^^ although clinical trials failed to show efficacy.^^ It is well 
documented that viral vectors, specifically adenovirus, are efficient 
vein graft delivery vectors;^° hence, the design of viral approaches 
for efficient delivery is a further option. 

In summary, our study demonstrates that a number of miRNAs 
are modulated by the process of vein grafting and that miR-21 is 
significantly up-regulated in the neointimal layer of veins following 
engraftment. Further, genetic deletion of miR-21 substantially 
reduced neointimal formation and SMC accumulation within 
these lesions. This suggests that modulation of miR-21 level has 
therapeutic potential in the setting of vein graft failure. 

Supplementary material 

Supplementary material is available at European i-^eart Journal 
online. 

Acknowledgements 

The authors thank Nicola Britton and Gregor Aitchison for tech- 
nical assistance and Professor Eric Olson (University of Texas 
Southwestern Medical Center) for the miR-21 knockout mice. 

Funding 

This work was funded by the British Heart Foundation (programme 
grant no. RG/09/005/27915). A.H.B. is supported by the British 
Heart Foundation Chair of Translational Cardiovascular Sciences. 

Conflict of interest: E.v.R. is co-founder and former employee of 
MiRagen Therapeutics. She is now Associate Professor at Hubrecht 
Institute, University Medical Center Utrecht. 

References 

1. Lincoff AM. Important triad in cardiovascular medicine: diabetes, coronary inter- 
vention, and platelet glycoprotein llb/llla receptor blockade. Circulotion 2003;107: 
1556-1559. 



1643a 



RA McDonald et ai 



2. Serruys PW, Morice MC, Kappetein AP, Colombo A, Holmes DR, Mack MJ, 
Stahle E, Feldman TE, van den Brand M, Bass EJ, Van Dyck N, Leadley K, 
Dawkins KD, Mohr FW. Percutaneous coronary intervention versus 
coronary-artery bypass grafting for severe coronary artery disease. N Engl J 
Med 2009;360:961-972. 

3. Weintraub WS, Grau-Sepulveda MV, Weiss JM, O'Brien SM, Peterson ED, 
Kolm P, Zhang Z, Klein LW, Shaw RE, McKay C, Ritzenthaler LL, Popma JJ, 
Messenger JC, Shahian DM, Grover FL, Mayer JE, Shewan CM, Garratt KN, 
Moussa ID, Dangas CD, Edwards FH. Comparative effectiveness of revasculariza- 
tion strategies. N Engl J Med 2012;366:1467-1476. 

4. loannidis JP, Galanos O, Katritsis D, Connery CP, Drossos GE, Swistel DC, 
Anagnostopoulos CE. Early mortality and morbidity of bilateral versus single in- 
ternal thoracic artery revascularization: propensity and risk modeling. J Am Coll 
Cardiol 2001;37:521-528. 

5. Taggart DP, Altman DG, Gray AM, Lees B, Nugara F, Yu LM, Campbell H, 
Flather M. Randomized trial to compare bilateral vs. single internal mammary cor- 
onary artery bypass grafting: 1-year results of the Arterial Revascularisation Trial 
(ART). Eur Heart J 2010;31:2470-2481. 

6. Goldman S, Zadina K, Moritz T, Ovitt T, Sethi G, Copeland JG, Thottapurathu L, 
Krasnicka B, Ellis N, Anderson RJ, Henderson W. Long-term patency of saphe- 
nous vein and left internal mammary artery grafts after coronary artery bypass 
surgery: results from a Department of Veterans Affairs Cooperative Study. 
J Am Coll Cardiol 2004;44:2149-2156. 

7. Hattler B, Messenger JC, Shroyer AL, Collins JF, Haugen SJ, Garcia JA, Baltz JH, 
Cleveland JC Jr, Novitzky D, Grover FL. Off-pump coronary artery bypass 
surgery is associated with worse arterial and saphenous vein graft patency and 
less effective revascularization: results from the Veterans Affairs Randomized 
On/Off Bypass (ROOBY) Trial. Circulation 2012;125:2827-2835. 

8. Shroyer AL, Grover FL, Hattler B, Collins JF, McDonald GO, Kozora E, Lucke JC, 
Baltz JH, Novitzky D. On-pump versus off-pump coronary-artery bypass surgery. 
N Engl J Med 2009;361:1827-1837. 

9. Motwani JG, Topol EJ. Aortocoronary saphenous vein graft disease: pathogenesis, 
predisposition, and prevention. Circulation 1998;97:916-931. 

10. Wan S, George SJ, Berry C, Baker AH. Vein graft failure: current clinical practice 
and potential for gene therapeutics. Gene Ther 2012;19:630-636. 

11. Ambros V. The functions of animal microRNAs. Nature 2004;431:350-355. 

12. McDonald RA, Hata A, MacLean MR, Morrell NW, Baker AH. MicroRNA and 
vascular remodelling in acute vascular injury and pulmonary vascular remodelling. 
Cardiovasc Res 2012;93:594-604. 

13. Raitoharju E, Lyytikainen LP, Levula M, Oksala N, Mennander A, Tarkka M, 
Klopp N, lllig T, Kahonen M, Karhunen PJ, Laaksonen R, Lehtimaki T. miR-21, 
miR-210, miR-34a, and miR-146a/b are up-regulated in human atherosclerotic 
plaques in the Tampere Vascular Study. Atherosclerosis 2011;219:211-217. 

14. Wang M, Li W, Chang GQ, Ye CS, Ou JS, Li XX, Liu Y, Cheang TY, Huang XL, 
Wang SM. MicroRNA-21 regulates vascular smooth muscle cell function via 
targeting tropomyosin 1 in arteriosclerosis obliterans of lower extremities. 
Arterioscler Thromb Vase Biol 2011;31:2044-2053. 

15. Cheng Y, Liu X, Yang J, Lin Y, Xu DZ, Lu Q, Deitch EA, Huo Y, Delphin ES, 
Zhang C. MicroRNA-145, a novel smooth muscle cell phenotypic marker and 
modulator, controls vascular neointimal lesion formation. Ore Res 2009;105: 
158-166. 

16. Elia L, Quintavalle M, Zhang J, Contu R, Cossu L, Latronico MV, Peterson KL, 
Indolfi C, Catalucci D, Chen J, Courtneidge SA, Condorelli G. The knockout of 
miR-143 and -145 alters smooth muscle cell maintenance and vascular homeosta- 
sis in mice: correlates with human disease. Cell Death Differ 2009;16:1590-1598. 

17. Torella D, laconetti C, Catalucci D, Ellison CM, Leone A, Waring CD, 
Bochicchio A, Vicinanza C, Aquila I, Curcio A, Condorelli G, Indolfi C. 
MicroRNA-133 controls vascular smooth muscle cell phenotypic switch in vitro 
and vascular remodeling in vivo. Ore Res 2011;109:880-893. 

18. Cooley BC. Murine model of neointimal formation and stenosis in vein grafts. 
Arterioscler Thromb Vase Biol 2004;24:1180-1185. 

19. Zou Y, Dietrich H, Hu Y, Metzler B, Wick G, Xu Q. Mouse model of venous 
bypass graft arteriosclerosis. Am J Pathol 1998;153:1301-1310. 

20. Angelini G, Bryan A, Williams H, Morgan R, Newby A. Distention promotes plate- 
let and leukocyte adhesion and reduces short-term patency in pig arteriovenous 
bypass grafts, j Thorac Cardiovasc Surg 1990;99:433-439. 

21. Soyombo AA, Angelini CD, Bryan AJ, Jasani B, Newby AC. Intimal proliferation in 
an organ culture of human saphenous vein. Am J Pathol 1990;137:1401-1410. 



22. Hatley ME, Patrick DM, Garcia MR, Richardson JA, Bassel-Duby R, van Rooij E, 
Olson EN. Modulation of K-Ras-dependent lung tumorigenesis by microRNA-21. 
Cancer Cell 2010;18:282-293. 

23. Patrick DM, Montgomery RL, Qi X, Obad S, Kauppinen S, Hill JA, van Rooij E, 
Olson EN. Stress-dependent cardiac remodeling occurs in the absence of 
microRNA-21 in mice, j Gin Invest 2010;120:3912-3916. 

24. Benjamini Y, Hochberg Y. Controlling the false discovery rate - a practical and 
powerful approach to multiple testing.] R Stat Soc B Methodol 1995;57:289-300. 

25. Ji R, Cheng Y, Yue J, Yang J, Liu X, Chen H, Dean DB, Zhang C. MicroRNA ex- 
pression signature and antisense-mediated depletion reveal an essential role of 
MicroRNA in vascular neointimal lesion formation. C/'rc Res 2007;100:1579-1588. 

26. Wang F, Zhao XQ, Liu JN, Wang ZH, Wang XL, Hou XY, Liu R, Gao F, 
Zhang MX, Zhang Y, Bu PL. Antagonist of microRNA-21 improves balloon 
injury-induced rat iliac artery remodeling by regulating proliferation and apoptosis 
of adventitial fibroblasts and myofibroblasts.] Cell Biochem 2012;113:2989-3001. 

27. Lawson WE, Polosukhin W, Zoia O, Stathopoulos GT, Han W, Plieth D, Loyd JE, 
Neilson EG, Blackwell TS. Characterization of fibroblast-specific protein 1 in pul- 
monary fibrosis. Am J Respir Crit Care Med 2005;171:899-907. 

28. Hu Y, Mayr M, Metzler B, Erdel M, Davison F, Xu Q. Both donor and recipient 
origins of smooth muscle cells in vein graft atherosclerotic lesions. Circ Res 
2002;91:e13-e20. 

29. Selaru FM, Olaru AV, Kan T, David S, Cheng Y, Mori Y, Yang J, Paun B, Jin Z, 
Agarwal R, Hamilton JP, Abraham J, Georgiades C, Alvarez H, Vivekanandan P, 
Yu W, Maitra A, Torbenson M, Thuluvath PJ, Gores GJ, LaRusso NF, 
Hruban R, Meltzer SJ. MicroRNA-21 is overexpressed in human cholangiocarci- 
noma and regulates programmed cell death 4 and tissue inhibitor of metallopro- 
teinase 3. Hepatology 2009;49:1595-1601. 

30. Liu X, Cheng Y, Yang J, Krall TJ, Huo Y, Zhang C. An essential role of PDCD4 in 
vascular smooth muscle cell apoptosis and proliferation: implications for vascular 
disease. Am J Physiol Cell Physiol 2010;298:C1481 -C1488. 

31. Kim YJ, Hwang SH,ChoHH, Shin KK, Bae YC, Jung JS. MicroRNA 21 regulates the 
proliferation of human adipose tissue-derived mesenchymal stem cells and 
high-fat diet-induced obesity alters microRNA 21 expression in white adipose 
tissues.] Cell Physiol 2012;227:183-193. 

32. Oudit GY, Sun H, Kerfant B-G, Crackower MA, Penninger JM, Backx PH. The role 
of phosphoinositide-3 kinase and PTEN in cardiovascular physiology and disease. 
J Mol Cell Cardiol 2004;37:449-471. 

33. Maegdefessel L, AzumaJ, Toh R, Deng A, Merk DR, Raiesdana A, Leeper NJ, Raaz U, 
Schoelmerich AM, McConnell MV, Dalman RL, Spin JM, Tsao PS. MicroRNA-21 
blocks abdominal aortic aneurysm development and nicotine-augmented expansion. 
SciTransl Med 2012;4:1-12. 

34. Yang S, Banerjee S, Freitas A, Cui H, Xie N, Abraham E, Liu G. miR-21 regulates 
chronic hypoxia-induced pulmonary vascular remodeling. Am J Physiol Lung Cell 
Mol Physiol 2012;302:L521 -L529. 

35. Furgeson SB, Simpson PA, Park I, Vanputten V, Horita H, Kontos CD, 
Nemenoff RA, Weiser-Evans MC. Inactivation of the tumour suppressor, 
PTEN, in smooth muscle promotes a pro-inflammatory phenotype and enhances 
neointima formation. Cardiovasc Res 2010;86:274-282. 

36. Koide S, Okazaki M, Tamura M, Ozumi K, Takatsu H, Kamezaki F, Tanimoto A, 
Tasaki H, Sasaguri Y, Nakashima Y, Otsuji Y. PTEN reduces cuff-induced neoin- 
tima formation and proinflammatory cytokines. Am J Physiol Heart Circ Physiol 
2007;292:H2824-H2831. 

37. Ehsan A, Mann MJ, Dell'Acqua G, Dzau VJ. Long-term stabilization of vein graft 
wall architecture and prolonged resistance to experimental atherosclerosis 
after E2F decoy oligonucleotide gene therapy. J Thorac Cardiovasc Surg 2001; 
121:714-722. 

38. Morishita R, Gibbons GH, Horiuchi M, Ellison KE, Nakama M, Zhang L, Kaneda Y, 
Ogihara T, Dzau VJ. A gene therapy strategy using a transcription factor decoy of 
the E2F binding site inhibits smooth muscle proliferation in vivo. Proc Natl Acad Sci 
USA 1995;92:5855-5859. 

39. Alexander JH, Hafley G, Harrington RA, Peterson ED, Ferguson TB Jr, Lorenz TJ, 
Goyal A, Gibson M, Mack MJ, Gennevois D, Califf RM, Kouchoukos NT. Efficacy 
and safety of edifoligide, an E2F transcription factor decoy, for prevention of vein 
graft failure following coronary artery bypass graft surgery: PREVENT IV: a rando- 
mized controlled trial. JAMA 2005;294:2446-2454. 

40. George SJ, Wan S, Hu J, MacDonald R, Johnson JL, Baker AH. Sustained reduction 
of vein graft neointima formation by ex vivo TIMP-3 gene therapy. Circulation 2011; 
124(11 Suppl.):S135-S142. 



